ABSTRACT In a series of experiments, effects of storage of eggs in water on internal egg quality, embryonic development, and hatchling quality were investigated. In experiment 1, unfertilized eggs were stored for 4 to 14 d in water (W) or air (control; C). In experiment 2, fertilized eggs were stored for 3 to 14 d in water or air and thereafter incubated for 9 d. In experiment 3, eggs were stored for 16 d in water or air and incubated for 1 to 9 d thereafter. In experiment 4, eggs were stored for 14 d in water or air, incubated thereafter, and hatching time and hatchling quality were determined. In all experiments, egg weight loss in the C treatment increased with duration of storage, whereas W eggs gained weight during storage. Albumen and yolk pH after storage and during incubation were greater in the C eggs compared with the W eggs. In experiment 3, embryonic development at d 4 and 9 was advanced in the W eggs compared with the C eggs. In experiment 4, the number of viable embryonic cells after storage and after trypsinization was lower in the C treatment than in the W treatment (30,188 vs. 69,618; P < 0.001).
INTRODUCTION
Prolonged storage of hatching eggs is negatively associated with hatchability as extensively reviewed (Kosin, 1964; Landauer, 1967; Mayes and Takeballi, 1984; Meijerhof, 1992; Brake et al., 1997; Fasenko, 2007) . Additionally, storage length influences hatchling quality, presented in the number of culls (Byng and Nash, 1962) and a reduced growth rate (Becker, 1960; Merritt, 1964; Tona et al., 2003) . In the relationship between storage duration, reduced hatchability, and chick quality, clear mechanisms are not apparent. Embryonic and egg factors are likely to play a role. Embryonic factors are the developmental stage of the embryo at oviposition, cell death during storage, dormancy, and obsolescence of the embryo (Meijerhof, 1992) , which are also related to different factors like temperature during storage. Egg factors are related to albumen pH, albumen viscosity, and water loss (Meijerhof, 1992) , which are also related to temperature, and additionally to relative humidity and gaseous environment in the storage room. Probably, embryonic and egg factors interact in their effect on hatchability and chick quality.
Because reduction of water loss during storage positively affects hatchability (Landauer, 1967; Hinton, 1968; Walsh et al., 1995) attempts should be made to prevent or reduce this weight loss (Mayes and Takeballi, 1984) . Different methods are used to reduce egg weight loss; for example, using increased relative humidity in the storage room (Funk and Forward, 1951; Proudfoot, 1976) or storage in plastic bags (Steinke, 1969) . Although in most of these studies some positive effects on hatchability were found, these methods did not solve the problem of reduced hatchability.
One way that absolutely prevents egg weight loss during storage is storage of hatching eggs in water (Hall and Romanoff, 1943) . When eggs are stored in water, it can be speculated that both the negative effects of water loss and CO 2 loss are reduced. The CO 2 loss and consequently the rise in albumen pH possibly has a negative effect on hatchability and chick qual-ity when storage periods are prolonged, although in studies with increased CO 2 levels during storage no effect or even negative effects on hatchability were found (Proudfoot, 1964a; Becker et al., 1968; Kosin and Konishi, 1973) . To our knowledge, effects of prolonged storage of hatching eggs in water on embryo quality, hatchability, and hatchling quality have never been investigated. Therefore, the aim of the current study was to investigate the effects of prolonged storage (14 to 16 d) of hatching eggs in water on subsequent embryonic development, related egg factors, hatchability, and hatchling quality.
MATERIALS AND METHODS
In total 4 experiments were performed, in which half of the eggs were stored in tap water (W) up to 16 d, without any addition of antibiotics or disinfectants. The other eggs were stored in air (control; C). Water was refreshed at d 7 of storage. After storage, eggs were opened or incubated in a commercial incubator at 37.8°C machine temperature and 55 to 60% RH (experiment 2 and 3: HT Combi, Veenendaal, the Netherlands) or in climate respiration chambers (experiment 4; as described by Lourens et al., 2006) at an eggshell temperature of 37.8°C and a RH of 55%. At different days of incubation, eggs were opened to investigate internal egg characteristics and embryonic development. In experiment 4, incubation was maintained until hatching and hatchling quality was examined. The latter experiment was approved by the Animal Care and Use Committee of Wageningen University.
Experiment 1
Ninety-one unfertilized eggs of layers originating from an ISA Warren line were used. Lines were divergently selected for antibody response against sheep red blood cells for 25 generations (Parmentier et al., 1996) . Fifteen hens of the random bred control line (50 wk of age) were individually housed in cages and had ad libitum access to feed and water. Fresh laid eggs of these 15 hens were collected over a period of 10 d, weighed, and stored in water (W; 25°C) or in air (C; 25°C, humidity not controlled). After a storage period of 4, 5, 6, 7, 11, 12, 13, or 14 d, about 10 eggs per treatment were weighed and opened thereafter. Albumen height, albumen pH, and yolk pH were determined.
Variables were analyzed with the GLM procedure, using SAS Institute (2002; version 9.1). In the model, storage method (water, control) and storage duration and their interaction were used as class variables. Values are expressed as least squares means ± SEM.
Experiment 2
One hundred eighteen eggs were obtained from a commercial layer breeder farm. Eggs of Lohmann Brown hens, aged 34 wk, were collected within 5 h after oviposition. Hens had ad libitum access to feed and water. Ten eggs were immediately weighed and examined for egg characteristics (albumen pH, yolk pH, eggshell thickness). Nine other eggs were not stored, but weighed and immediately incubated. The other eggs were weighed and thereafter stored for 3, 6, 9, 12, or 14 d in water (W) or in air (C). Temperature in the storage room was maintained at 16 to 17°C, and relative humidity was uncontrolled. Eggs of the W treatment were stored in the same room in small open containers (50 × 50 × 10 cm; containing 25 eggs per container). After storage, eggs were incubated for 9 d in one incubator. At d 9 of incubation, eggs were weighed, opened, and fertility and mortality were macroscopically examined. Albumen pH, yolk pH, embryo weight, and egg shell thickness (top, bottom and middle line) were determined.
Fertility and mortality were analyzed using the Fisher exact test (Fisher, 1922) . Other egg and embryo variables were analyzed as described for experiment 1. Unfertilized eggs were excluded from analyses of egg characteristics.
Experiment 3
One hundred ninety-one eggs of layers originating from an ISA Warren line were used. Lines were divergently selected for antibody response against sheep red blood cells for 25 generations (Parmentier et al., 1996) . Seventy-eight hens of the random bred control line (52 wk of age) were individually housed in cages and had ad libitum access to feed and water. Eggs were collected daily within 5 h after oviposition, for 4 d. After collection, eggs were stored for 1 to 4 d in a storage room (16 to 17°C, no control of relative humidity). Thereafter, half of the eggs were stored for 16 d in water and the other half in air (C), as described in experiment 2. After storage, all eggs were incubated in the same incubator. From d 1 to 9, each day about 10 eggs of both treatments were weighed, opened, and fertility and mortality were macroscopically examined. Albumen pH, yolk pH, embryo weight (d 5 to 9), and egg shell thickness (top, bottom and middle line) were determined. In the same eggs, at d 4 and 9 of incubation, the morphological stage of the embryos was determined, according to the method of Hamburger and Hamilton (1951) .
Fertility and mortality were analyzed using the Fisher exact test (Fisher, 1922) . Egg and embryo variables were analyzed as described for experiment 1, with days between oviposition and start of storage treatment as a covariate.
Experiment 4
One hundred fifty-two eggs were obtained from a commercial breeder farm. Eggs of Hybro broiler breeder hens, aged 50 wk, were collected within 5 h after oviposition. Hens had restricted access to feed and ad libitum access to water. Ten eggs were immediately weighed, and egg characteristics were determined. Additionally, the morphological stage of the embryo according to Eyal-Giladi and Kochav (1976) was determined. The other eggs were stored for 14 d in one of 2 climate respiration chambers (Verstegen et al., 1987) . In one chamber, eggs were stored in air (C) at an ambient temperature of 16.5°C and a relative humidity of 55%. In the other chamber, eggs were stored in water (W) as described for experiment 2. Ambient temperature was also maintained at 16.5°C, and water temperature was measured continuously (mean ± SD: 14.5 ± 0.2°C). After storage, eggs were weighed again and 10 eggs of each treatment were examined on egg characteristics and morphologically stage of the embryos, as described in experiment 3. Additionally, the embryos were dissociated in individual cells by trypsinization. Thereafter, the number of viable blastoderm cells was counted in duplo, using a Bürker count chamber.
The other 122 eggs were incubated in one of 2 small climate respiration chambers (Lourens et al., 2006) . Each storage treatment was incubated in a separate chamber. For 5 eggs in each chamber, thermistors were attached on the eggshell (Lourens et al., 2006) , which were used to maintain the eggshell temperature (EST) at 37.8°C throughout incubation. The EST was based on the median temperature of the 5 thermistors and machine temperature was adjusted to maintain EST. Relative humidity was maintained at 55%. Livability of the embryos in the eggs with thermistors was checked at d 7, 10, and 14 of incubation by candling. In cases in which eggs were fertile or contained a dead embryo, the thermistor was removed and placed on an egg containing a living embryo. Throughout incubation, heat production of the complete batch of eggs was determined using indirect calorimetry as described by Lourens et al. (2006) . Heat production was adjusted for the number of viable eggs present on each day of incubation.
At d 4 of incubation, from each treatment 10 eggs were removed from the incubator to determine egg characteristics and the morphological stage of the embryo (Hamburger and Hamilton, 1951) . At d 17 of incubation, eggs were candled, weighed, and eggs containing living embryos were placed in individual hatching baskets. Machine temperature was maintained at the final level of d 17. Hatching time was recorded using a video camera. After hatching, all chickens were killed using CO 2 , and examined on length, weight, residual yolk weight, and organ development.
Fertility and mortality were analyzed using the chisquare test (Chernoff, 1954) . Egg and embryo variables were analyzed as described for experiment 1, with only storage method as class variable. Unfertilized eggs and eggs containing dead embryos were not taken into account. Heat production was analyzed with a repeated measurement model in the GLM procedure, using SAS (version 9.1, 2002), with treatment and day as class variables.
RESULTS

Experiment 1
For all variables, with the exception of weight loss during storage, no interactions between treatment and storage duration were found. In the C treatment, egg weight decreased with storage duration (0.42%/d), whereas in the W treatment egg weight increased slightly (0.45% at d 14). Consequently, egg weight after storage was greater in the W than in the C treatment (Δ = 2.5 g; Table 1 ). Albumen height was 1.6 mm greater in the W treatment than in the C treatment, whereas for albumen pH (Δ = 1.13) and yolk pH (Δ = 0.24) the opposite was found.
Experiment 2
Before storage, albumen pH was 8.78 (SE = 0.04), yolk pH was 6.10 (SE = 0.02), and eggshell thickness was 0.355 mm (SE = 0.005). Eggs that were not stored, but immediately incubated had an albumen pH, yolk pH, eggshell thickness, and embryo weight at d 9 of incubation of 8.34 (SE = 0.19), 7.06 (SE = 0.04), 0.347 mm (SE = 0.007), and 2.06 g (SE = 0.03), respectively. Fertility (97.0%) and survival (93.9%) did not differ between treatments, as well as the egg weight before storage and after incubation at d 9 (Table 2 ). An interaction between treatment and storage duration was found for weight loss (P = 0.04), as already demonstrated in experiment 1. In the W group, the egg weight loss was independent of storage duration (4.3% on average), whereas in the C group the egg weight decreased with storage duration (0.12%/d). The interaction in eggshell thickness between treatment and storage duration was due to one-time moment in the W group, in which in the group stored for 6 d thinner eggshells were found, but thereafter this effect was absent. Albumen pH (Δ = 0.17) and yolk pH (Δ = 0.10) at d 9 of incubation were lower in the W group than in the C group, whereas for the embryo weight at d 9 of incubation, the opposite was found (Δ = 0.08 g). Increased storage time decreased yolk pH at d 9 of incubation by 0.03/d of storage. Similarly, embryo weight at d 9 of incubation decreased with increasing egg storage (Figure 1 ) such that after 14 d of storage embryo weight was 24.3% less than embryos in eggs with no storage.
Experiment 3
Macroscopically examined fertility was 85.3 and 92.7% for the C and W treatment, respectively (P = 0.10; Table 3 ). Embryo survival did not differ (P = 0.12) between the C (90.1%) and W treatment (96.6%). An interaction between treatment and incubation time was found for yolk pH; this was due to some high values in the W treatment at d 2 of incubation. At d 3, comparable values as at d 1 were found again. Egg weight loss during storage and incubation (Δ = 2.55%), and albumen pH (Δ = 0.29) were greater in the C treatment than in the W treatment, whereas for average embryo weight the opposite was found (Δ = 0.10 g).
Egg weight loss, yolk pH, and embryo weight all increased with incubation time, whereas egg shell thickness decreased with progressing incubation. Albumen pH increased during the first 3 d of incubation and decreased thereafter (Figure 2 ). Embryonic developmental stage at d 4 (Δ = 1.5) and 9 (Δ = 1.4) was advanced in the W treatment compared with the C treatment.
Experiment 4
As in experiments 2 and 3, fertility and hatchability did not differ between treatments (Table 4) . Egg weight after storage was greater in the W treatment than in the C treatment (Δ = 1.7 g). Egg weight at d 17 of incubation tended to be greater (Δ = 2.1 g; P = 0.07) and relative weight loss during incubation tended to be lower (Δ = 1.4%; P = 0.09) in the W treatment than in the C treatment. Albumen height after storage was greater (Δ = 1.82 mm) in the W treatment than in the C treatment, whereas the opposite was found for albumen pH after storage (Δ = 1.21). Yolk pH did not differ between treatments (Table 4) .
Immediately after storage, embryos of the W treatment had dramatically greater number of viable cells than embryos in the C treatment (Δ = 39,430 cells), but at the same moment the morphological stage of the embryos did not differ between treatments (average 9.4). At d 4 of incubation, the W embryos were numerically developed further than the C embryos (Δ = 4.2; P = 0.12).
Chicks of the W treatment hatched on average 6 h later than chicks from the C treatment (Table 5) .
Hatchling weight did not differ, but hatchlings of the W treatment were 0.6 cm shorter than those of the C treatment. Residual yolk was considerably heavier in the W hatchlings than in the C hatchling (Δ = 3.4 g). After correction for hatch time, the difference became smaller, but remained significant (5.2 vs. 7.8 g for the C and W treatment, respectively, P < 0.001). The opposite was found for the yolk free body mass (Δ = 2.7 g) and the weight of organs involved in nutrient utilization (liver, gizzard+proventriculus, intestine). No effect of treatment was found for heart, spleen, and bursa (Table 5) .
Average daily heat production of the embryos was comparable between treatments (44 vs. 36 mW/egg, for the C and W treatment, respectively; P = 0.62). Heat production diverged with progressing incubation and heat production at d 18 was 145 vs. 111 mW/egg, for the C and W treatment, respectively (Figure 3) . Hamburger and Hamilton (1951) . 
DISCUSSION
Fertility and hatchability were not affected by the storage method in the current experiments. It should be noted that the number of eggs used in these experiments was too low to properly identify fertility and hatchability differences between treatments and that larger scale trials are necessary to investigate real differences. In all experiments, water-stored eggs increased a little in weight, whereas the control eggs lost weight during storage. This is in agreement with Hall and Romanoff (1943) , who also demonstrated that eggs in water gained water until a certain maximum. Due to the stored water in the shell, the absolute weight loss during incubation of the water stored eggs was somewhat greater (0.2 to 0.4 g) than of the C eggs, but relatively the weight loss was lower in the W eggs.
The albumen pH during storage remained considerably lower when eggs were stored in water, whereas the albumen height remained greater. This suggests that storage in water reduces the loss of CO 2 from the albumen. Comparable results were found when eggs were stored in plastic bags (Davis and Beeckler, 1962; Proudfoot, 1964b Proudfoot, , 1968 Becker et al., 1968) or after treating the eggshell with oil (Fletcher et al., 1959; Schwall et al., 1961; Heath and Owens, 1978; Hill and Hall, 1980) . The lower albumen pH possibly has positive effects on the early embryonic development because Sauveur et al. (1967) and Gillespie and McHanwell (1987) demonstrated that the optimal albumen pH in early incubation is between 8.2 and 8.8. It can be speculated that storage of eggs in water creates a more optimal micro-environment for the embryo, due to a relative low albumen pH and high albumen viscosity, which may result in a decrease of necrotic (Arora and Kosin, 1968) and apoptotic (Bloom et al. 1998 ) cells due to prolonged storage duration. This is supported by the considerably greater number of viable embryonic cells after storage in water compared with control storage, although the morphological stage was similar between treatments. This result also suggests that embryos become less viable during a storage period of 14 d, due to the reduced number of embryonic cells, although the temperature was relatively low (16.5°C). It is not clear whether the difference in temperature of C eggs (16.5°C) or W eggs (14.2°C) is of large importance. Mather and Laughlin (1977) and Fasenko and Robinson (1998) demonstrated that the embryonic development of embryos in long-stored eggs lagged behind that of short-stored eggs. Arora and Kosin (1966) showed in long-stored eggs a delayed start of embryonic development after the start of incubation. It can be speculated that this was also due to a decrease in viable embryonic cells due to prolonged storage.
That an increased number of embryonic cells, a more suitable micro-environment for the embryo, or both at the start of incubation can result in advanced early embryonic development is demonstrated in the current experiments. The embryos of in water stored eggs were morphologically developed further at d 4 and 9, but also had a greater embryo weight at d 5 to 9 (average 0.10 g or 12.5%). This is supported by studies in which prestorage incubation was used to advance the embryonic stage before storage ). An advanced embryonic stage is probably due to more embryonic cells, which will produce more CO 2 and consequently will result in lower pH levels. This all can result in a more optimal micro environment for the developing embryo. Fasenko et al. (2001) demonstrated that in prolonged stored eggs (14 d) prestorage heating for 6 h advanced the embryonic development and consequently reduced the embryonic mortality during incubation. Christensen et al. (2001) , Elibol et al. (2002) , and Tona et al. (2003) demonstrated that long-stored eggs (14 to 18 d) hatched later than short-stored (1 to 3 d) eggs, possibly due to the retarded embryonic development of embryos in long-stored eggs. Based on the advanced embryonic development in eggs stored in water at d 9 of incubation, we also expected a further developed hatchling, which would hatch earlier. However, the complete opposite occurred. Water-stored eggs hatched later, with shorter hatchlings that had considerably more residual yolk. These differences could only partly be explained by the difference in hatching time.
Hatchling length and residual yolk at hatch are negatively related with each other (Wolanski et al., 2006) , which indicates that stimulation of yolk utilization during incubation results in longer chickens. Additionally, longer chickens at hatch are positively associated with growth out performance in broilers (Baarendse et al., 2006; Wolanski et al., 2004 Wolanski et al., , 2006 , which suggests that stimulation of yolk utilization during incubation has long-term effects. However, in the current experiment the head start of the water-stored embryos did not result in improved chick quality. It can be questioned why this happened.
Based on lower heat production and greater residual yolk weight, it seems that the embryo was not able to utilize the yolk, possibly due to shortage of oxygen. In that case, water storage may change the permeability of the membranes for oxygen. At oviposition, the egg membranes are highly resistant against the permeability for oxygen (Tullett and Board, 1976) , but the permeability increases during incubation (Kutchai and Steen, 1971) . This increase in permeability is associated with a decrease of the water content of the membranes, which normally reduces from 70% at oviposition until 40% at d 17 of incubation (Kutchai and Steen, 1971) . It can be speculated that water storage largely affects the eggshell membranes, which results in relatively less water loss during incubation and consequently a decreased oxygen permeability. Whether this is true needs to be investigated.
We concluded that prolonged storage of eggs in water stimulates early embryonic development but has negative effects on hatchling quality. When the reason for the switch from advanced to retarded embryonic development is clear, water storage for a prolonged period can be an interesting alternative for the current storage methods.
